Mouse L-929 cells (L cells), human oligodendroglioma cells, and rat glioma cells were persistently infected with vesicular stomatitis virus (VSV) mutant tsG31 and maintained for at least 4 years at 37°C. The striking observation in this study was that there is 'a marked difference in neurovirulence among the persistent infections (PIs) derived from the three cell lines. tsG31 VSV derived from persistently infected L cells and oligodendroglioma cells remained highly virulent as assayed by intracerebral (i.c.) inoculation into 3-week-old Swiss mice. In contrast, tsG31 VSV isolated from glioma cells lost neurovirulence by passage 20. Persistently infected glioma cells were carried through more than 180 passages without reemergence of neurovirulent virus. Importantly, glioma PI virus neurovirulence was restored quickly by i.c. passage in mice and more slowly by passage through normal L cells. In contrast, the neurovirulence of L-cell PI virus was enhanced by i.c. passage in mice and slowly reduced by passage through normal glioma cells. Furthermore, no alteration in neurovirulence was observed in the case of oligodendroglioma PI virus. Although the mechanism(s) underlying the loss of virulence in glioma cells is unclear, our studies suggest that either strict temperature sensitivity or the presence of a heat-labile transcriptase or both play a major role in this phenomenon.
Many enveloped RNA viruses can establish long-term persistent infection (PI) in vivo or in vitro (5, 10, 22, 25) . Persistent infection (PI) with rhabdoviruses has been studied in great detail and over a long period of time (6) , and multiple potential mechanisms have been reported. For example, it has been reported that alteration of viral proteins and multiple substitutions in the RNA appear continually during PI (2, 17, 19) . In PI with wild-type vesicular stomatitis virus (WT VSV) and rabies virus, the presence of defective interfering particles has been observed (3, 7, 23) . There also has been phenotypic alteration in RNA synthesis (2) and base mutations in the ternimal noncoding region (8) with persistent VSV infection. Production of interferon as a mechanism of establishing PIs has also been reported (26) .
We concentrated on establishing PIs in neurally derived cell lines (glioma and oligodendroglioma) to dissect more carefully potential pathogenic events underlying our previous observations about temperature-sensitive (ts) mutants and host-virus central nervous system interactions (1, 14, 15) . PIs were established in neurally derived cells and one nonneural cell line (L-929 cells) with tsG31 VSV over a 4-year period, and important differences in capacity to produce neurovirulence were found. It is clear from these observations that every mutant shows different replicative patterns in different cell lines and that alteration in the virus during the course of persistence leads to unique changes in its biological characteristics.
In our PIs, with increasing passage, all persistently infected cells continued to produce virus particles, although gradual decreases were noted in plaque size and titer. In contrast to virus derived from L cells and oligodendroglioma cells, the virus from glioma cells lost its neurovirulence in * Corresponding author. mice after passage 20 (about 120 days after the initiation of PI). We now report virological characteristics and biochemical behavior of the neurovirulent and avirulent viruses derived from PIs of these three cell types.
MATERIALS AND METHODS
Cells. BHK Viruses. WT VSV and the tsG31 mutant were originally obtained from M. E. Reichmann (Urbana, Ill.), plaque purified twice, and then grown in BHK-21 cells. The titers of WT VSV pools and tsG31 VSV stocks were 109 and 5 x 108 PFU/ml, respectively, in a standard BHK-21 cell assay. BHK-21 cells were used for all plaque assays except when otherwise indicated. Venezuelan equine encephalomyelitis (VEE) virus was obtained and grown as described previously (16) .
Initiation and maintenance of PI. PI in C-6 glioma, L-929, oligodendroglioma, and neuroblastoma cells was initiated and maintained with tsG31 VSV at a low multiplicity of infection (0.01 to 0.1) at the semipermissive temperature (37°C) (24) . We were unsuccessful in establishing PI with neuroblastoma cells as well as other cell types not reported here (unpublished data), but PI was readily established in the 494 HUPRIKAR ET AL. (15) .
Virulence studies. Outbred Swiss mice (3 weeks old; Charles River Breeding Laboratories, Inc., Wilmington, Mass.) were used for these experiments. PI isolates (0.03 ml) were serially diluted and inoculated intracerebrally. Determination of the 50% lethal dose (LD50) for various viral isolates was performed as described before (13) .
Detection of interferon and superinfection. The presence of interferon was detected as described by others (24) . Superinfection of PIs with homologous and heterologous virus was performed according to published work (11) . The details of both procedures are discussed in the Results.
RNA labeling and hybridization. Extraction of RNA and hybridization procedures were carried out as described previously (2, 18 
RESULTS
Characterization of virus production. L-929, glioma, and oligodendroglioma cells which were persistently infected with tsG31 VSV released virus continually, although with time there was a gradual drop in titer from 106 to 104 PFU/ml (Table 1) , and plaque size was reduced to pinpoint with time. On the other hand, if the incubation period of the plaque assay was extended to another 24 h, plaque size increased dramatically (data not shown). This has been reported before and explained as resulting from attenuation of the inhibition of host-cell protein synthesis and, hence, limitation of the cytocidal effects of the virus (20) . Interestingly, in the case of glioma PIs, after passage 90 (approximately 650 days) we were unable to plaque virus in BHK-21 cells unless the incubation period was increased by 24 h, but could easily plaque the same virus in glioma cells (Table 1) .
Since all PIs were initiated with the ts mutant, the ts nature of the isolates was assessed (Fig. 1A , B, and C). All PI isolates were ts, although, as compared with L cells, glioma PIs seem to be more restricted with regard to their temperature sensitivity. For glioma PIs, rates of replication at 37 and 39°C were much slower than those of L-cell PIs ( Fig. 1B through G) . After passage 90, glioma PIs did not grow in BHK-21 cells at 37 and 39°C ( Fig. 1D and E), but no change in growth was observed in glioma cells ( Fig. 1F and G). This characteristic of glioma PIs suggests that this tsG31 VSV isolate becomes increasingly host restricted as well as ts. Table 1 depicts the plaquing of virus derived from all three cells at the permissive and semipermissive (37°C) temperature. It is notable that virus from L cells plaqued similarly or even better at 37°C than at 31°C, suggesting that partial reversion of the tsG31 mutation may be occurring (Table 1 ). In contrast, virus from both neurally derived cell lines plaqued at least a log less at 37°C than at 31°C (Table 1) . These characteristics are also supported by growth curves.
To assess the temperature sensitivity further, we shifted the established PIs to the nonpermissive temperature (39°C) as well as to the permissive temperature (31°C (Table 3) showed that the presence of anti-interferon antibody in the medium increased virus titers 20 to 30 times in supernatants harvested 4 days after the treatment was begun. There was a close correlation between the increased virus yields observed with anti-interferon a Anti-interferon serum (90 units) was added to each culture (T-25 flask), and incubation continued at 37°C. At 1 to 5 days after treatment, supernatant from each culture was harvested and assayed at 31°C in BHK-21 cells. Peak virus titers were obtained 4 days after the cultures were treated with antiinterferon serum and are reported here.
treatment and significantly increased cell destruction, as shown in phase-contrast photomicrographs of normal and persistently infected L cells (Fig. 2) .
RNA synthesis and hybridization. The evolution of phenotypically altered RNA mutants in PI isolates was observed in one of our models as other investigators have noted (4, 24, 26) . The selection of a phenotype (RNA-) was not observed in our persistently infected L cells but was consistently observed in glioma cells. Hybridization experiments suggest that there was either no or decreased RNA synthesis at 39°C for glioma PIs (Fig. 3A) . However, L-cell PIs synthesized almost as much mRNA at 39°C as they did at 31°C (Fig. 3B) .
The selection of the RNA-phenotype was observed at an early stage of glioma PIs and seems to be a contributing factor in loss of neurovirulence since both changes occurred about the same time. No difference in structural protein synthesis was observed when assessed by polyacrylamide gel electrophoresis with [35S]methionine-labeled samples prepared from all three PIs as described previously (9) . The data for mRNA synthesis confirmed previously described findings concerning viral growth characteristics of glioma PIs. In contrast to our observations with L-cell PI, other investigators (24, 26) did observe RNA-phenotypes in L cells persistently infected with VSV mutant tsO23.
Virulence in mice. Supernatant media from PIs were examined for neurovirulence by intracerebral inoculation into 3-week-old Swiss mice. In the case of L cells, virulence seemed to be increased three to eight times as compared with that of parental virus tsG31 VSV, although the time of death was similar to that with parental tsG31 VSV ( Virus replication in mouse brains was observed in all three PIs. Maximum yield of virus production was found to be at 4 days after infection in all three PIs, and the titers were comparable (Table 5) . When 4-day brain pools prepared from glioma PI-infected mice were inoculated into normal mice, dramatic regeneration of neurovirulence was apparent (Table 5 ). Regenerated neurovirulence in glioma PI brain pools was comparable to that of the original tsG31 VSV in that the LD50 and time of death were similar. In contrast, L-cell PI showed enhanced neurovirulence and accelerated death rate comparable to that of WT VSV.
The regeneration of neurovirulence in the 4-day brain pool prepared from mice infected with virus from glioma cells suggested additional in vitro experiments. We next infected normal L-929 cells with established glioma PI isolates and normal glioma cells with established L-cell PI isolates. Since alterations in neurovirulence did not occur in a single passage, we maintained these cross-infected cultures at 37°C for (4, 24, 26 (21) . We are currently studying whether our PIs develop an alteration in neurotropism in vivo, as reported by others (12) .
When normal cells were infected with virus isolated from these three PIs, replication of virus at 37°C was at a much slower rate for glioma PI than for L-cell and oligodendroglioma PIs (Table 1 ). The slower rate of growth experienced in the case of glioma PI may in part allow immune intervention in vivo to aid in the recovery of inoculated mice from the virulent effects.
The emergence of a virulent virus after several passages of avirulent virus of glioma PI in L cells (Table 6) suggests that virus-host interactions can have pronounced effects in the alteration of pathogenesis. To emphasize the contribution of the host to the pathogenesis of central nervous system infections by ts mutants, we also established persistently infected L cells and glioma cells with other ts mutants from complementation groups II (tsG22 VSV) and IV (tsG41 VSV). L cells persistently infected with tsG22 VSV and tsG41 VSV showed evolution of enhanced virulence when compared with their respective parental mutants. However, in glioma PIs with tsG22 VSV or tsG41 VSV virulence was also decreased dramatically within a few weeks of initiation (data not shown). This again supports the observation that virus from L-cell PIs consistently showed enhanced neurovirulence, while virus from glioma PIs tended to lose virulence during persistence.
We also documented in this paper the recovery of virulent virus in the 4-day brain pools of mice which were infected with avirulent glioma PIs. This reemergence of neurovirulence was vastly more rapid than recovery in tissue culture. This may be due to the replication of inoculated virus occurring in brain cells other than glial cells which enhances the virulence over a 4-day period. As we have reported earlier (14, 15) , virus isolated from the brains of mice inoculated with tsG31 was no longer ts but still behaved the same in vivo. Our observations of the reemergence of neurovirulence and the infectivity of brain pools prepared from L-cell and glioma PIs suggest that the loci for virulence and the ts phenotype of tsG31 VSV are distinct.
From all these observations we conclude that in the case of persistent ts VSV infection established in our laboratory, in addition to the critical role played by host cells, the avirulent nature of glioma PIs in vivo is a function of strict temperature restriction as well as selection of the RNAphenotype.
